Nitrogen-limited csluaries, shallow coastal waters, and continental shelf ivatcrs cover only 15% of the world's ocean area, but account for nearly half the global oceanic primary production. This disproportionality is partly attributed to accelerating and geographically expanding anthropogenic N h-lading and eutrophication. Among accelerating N inputs, atmospheric deposition (AD) (as wet-and dryfall) and groundwater (GW) discharge are of considerable and growing importance. AD contributes from 300 to > 1,000 mg N m -2 yr
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In response to growing exogenous N inputs, new production is often enhanced, leading to eutrophication (Nixon 1995) , increased frequencies and magnitudes of phytoplankton blooms, including harmful (toxic, hypoxia-and anoxiainducing, and food-web-altering) taxa (Paerl 1988; Smayda 1990; Hallegraeff 1993 ). An analogous scenario has long been recognized in freshwater systems, where excessive phosphorus loading is directly linked to eutrophication (Vollenweider 1982) . The coastal zone and waters beyond represent the frontier of nutrient-(specifically N) driven new production and eutrophication (Nixon 1986 (Nixon , 1995 Legendre and Gosselin 1989; Paerl 1993a,b) . Within only a few decades, numerous previously pristine, oligotrophic estuarine and coastal waters have undergone a remarkably troubling transformation to more mesotrophic and eutrophic conditions. In some instances, this transformation has been accompanied by th= appearance and persistence of harmful algal blooms (HABs) to the extent that it has recently been suggested that mtrient-impacted coastal and offshore waters are experiencing an epidemic of harmful phytoplankton blooms (Smayda 1990) .
Phytoplankton bloom dynamics rely on the synergistic interactions of favllrable physical, chemical, and biotic conditions (Paerl 1988) . Of particular importance in nutrientsensitive waters sre the rates of new N and other nutrient supply-fundamental determinants of bloom development, maintenance, and proliferation. From a practical perspective, regulating nutrient supply is often the only feasible management approach to bloom control. The spatio-temporal pat-New nitrogen and harm.id blooms 
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terns and distributions of new N (and other potentially limiting nutrients such as iron) inputs are thought to play additional, and often critical, roles in HAB dynamics. The objective of this overview is to evaluate and synthesize current knowledge and evidence for such coupling and to improve our understanding of the functional linkages between eutrophication, expanding estuarine and marine harmful algal blooms, and two growing new N sources, atmospheric deposition (AD) and groundwater (GW).
Atmospheric and groundwater inputs of new N in coastal waters: Biogeochemical and trophic considerations Estuarine and coastal waters, including continentally bound seas (e.g. Baltic, North Sea, Mediterranean) and continental shelf regions, represent -15% of the oceanic surface area, yet account for -4O-50% of global oceanic primary production and resultant carbon and nitrogen flux (Wollast 199 1; Mantoura et al. 199 1) . Anthropogenically generated inputs of new N contribute from 25 to >50% of new coastal (excluding upwelling regions) primary production and are therefore believed to play a key role in the geographically skewed distribution of total oceanic primary production (Wollast 1991; Nixon 1995) .
Among the most rapidly growing (both in terms of input and geographic scale) sources of anthropogenic new N loading are AD and GW. Because they are more easily and widely collected, atmospheric inputs have been best characterized and quantified. About 20-40% of new N inputs into coastal waters are of atmospheric origin, virtually all of them attributable to growing agricultural, urban, and industrial emissions (Duce 1986; Prado-Fiedler 1991; Loye-Pilot et al. 1990; Fisher and Oppenheimer 1991; Paerl 1993a Paerl ,b, 1995 (Table 1) . AD alone contributes from 300 to > 1,000 mg N m 2 yr-I in coastal waters (Duce et al. 1991; GESAMP 1989; Valigura et al. 1996) . The relative contribution of AD-N to coastal N budgets could increase substantially during the next decade when nearly 70% of the U.S. and >60% of the European human populations will reside within 75 km of the coast. In North America and Europe, volatilization of ammonia from rapidly-expanding livestock and poultry operations in upwind airshcds is an additional, growing source of new N in coastal waters (Buijsman et al. 1987; Sommer et al. 1993) . Globally, AD-N is a highly significant contributor to oceanic new N inputs, accounting for -35 Tg N yr-I, Paerl compared to 30 Tg N yr-I from runoff and riverine discharge (which contains some AD-N), 5-10 for GW, and -8 for biological nitrogen fixation (Meybeck 1982; Mantoura et al. 1991; Wollast 1991; Codispoti et al. 1997) . In numerous regions, AD-N is the single most important source of new N currently impacting the coastal zone (cf. Table 1 ). As such, it is imperative that we assess the biogeochemical and trophic ramifications of this previously "out-of-sight out-ofmind" source of new N.
Parallel estimates for GW-N inputs into these waters, although few and far between, indicate a growing budgetary role for this N source as well, ranging from <lo to >30% of new N inputs (cf. Valiela et al. 1978; Capone and Bautista 1985; Giblin and Gaines 1990; Matson 1993) . In some coastal locations (salt-marsh habitats, embayments, nearshore regions, reefs), areal GW inputs may be similar in magnitude to riverine inputs (Moore 1996) . Moreover, depending on water-table and hydraulic recharge characteristics, the influence of groundwater as a source of new nutrients can extend from highly localized to regional scales (e.g. the U.S. western Atlantic continental shelf) (Capone and Bautista 1985; Matson 1993; Moore 1996) .
A stoichiometric conversion of AD-N and GW-N loading to primary production underscores the potential biogeochemical and trophic significance of these new sources. When AD plus GW contributions to coastal N loading (-40X lOI2 g N yr-I) are converted to new production based on a molar C : N ratio of -7 (Redfield 1958), annual new primary production is -5.2X lOi g C yr I. The world's coastal (including estuarine, neritic, and continental shelf waters) surface area is -40X 10" km2 (Wollast 1991) . If this new production is evenly distributed over the coastal area, an areal rate of new primary production of I O-20 g C me2 yr I is obtained. Wollast and Billen (198 I ) and Walsh (1984) estimated that annual primary production in the oligo-to mesotrophic coastal waters is -200 g C m 2 yr I, which is in close agreement with the mean of the range of coastal annual primary production values provided by Nixon (I 986) . Based on these values, new production attributable to AD and GW N inputs alone accounts for a substantial fraction (minimally 10%) of the annual total. In terms of turnover of total primary production, a 10-20-d period would be required if new production were solely dependent on AD and GW N sources.
Areal distributions of total and new production in coastal regions vary substantially, depending on proximity to N inputs, morphometry (i.e. depth, volume), water circulation, retention times, horizontal and vertical advection and mixing characteristics, clarity, grazing, and internal nutrient regeneration (Fig. 1) . Additional factors worth considering are endogenous (i.e. N, fixation) and regenerated sources of N and C, denitrification, and nutrient burial in these waters. Estimates for the efficiency of burial for C in estuarine and coastal waters range from -I to > IO%, depending on trophic state, circulation, depth, oxic characteristics (and hence differential C : N metabolism) of sediment types (Suess 1980; Canfield 1989; Wollast 1991) . Such sources of vari-. ability present numerous possibilities and scenarios for drastically different trophic responses and ramifications. With regard to the spatial heterogeneity of individual new N inputs, AD and GW may impact coastal and offshore regimes in ways quite distinct from terrigenous point and nonpoint-sources loadings. Because estuaries, through which terrigenous N sources transit, are frequently N-deficient and hence N-limited, they are efficient filters and sinks for these N sources (Kennedy 1984; Billen et al. 1985) . In the midAtlantic (U.S.:, Chesapeake Bay (Maryland-Virginia), and Albemarle-Pamlico Sound (North Carolina) estuarine systems, the bulk of terrigenous N input is either assimilated, sedimented, and (or) denitrified (Nixon 1986; Seitzinger 1988; Paerl et Oll. 1995) , leading to relatively small amounts of biologically reactive new N available for downstream coastal waters. Exceptions are periods of heavy rainfall and runoff, during which high levels of hydrological discharge (and resultant short retention times) can exceed the N assimilative and storage capacities of estuaries (Kennedy 1984; Billen et al. Io85; Paerl et al. 1995) . Accordingly, timing and amounts of' hydrological N pulsing constitute important regulatory mechanisms for estuarine and coastal production dynamics (Christian et al. 1986; Mallin et al. 1993; Paerl et al. 1995) .
AD and GW uniquely impact and modulate coastal primary production and eutrophication because they enter coastal waters cownstream of the estuarine N filter (Fig. 2) . When factored into N-loading budgets, AD alone constitutes from 20 to 33% of new N loading in the Neuse River estuary-a major tributary of North Carolina's AlbemarlePamlico Sound :;ystem (Paerl et al. 1995) . When considering the adjacent Atlantic coastal waters, the percentage of new N input from AD increases, potentially exceeding 50% (Paerl et al. 1995) . This change in proportionality is attributable to the combination of estuarine filtering of terrigenous N inputs and direct deposition of wet or dryfall on coastal waters representing an appreciable source of new N. The extent to which AD continues to play a key role in supplying new N during transport from coastal to open-ocean waters is unclear. We do know, however, that AD-N originating from the North American continent is a detectable source of new N input as far away as Bermuda (-500 km from the U.S. coast) (Jickells et al. 1982; Fanning 1989; Levy and Maxim 1987; Galloway et al. 1984) . Episodic AD-N inputs contribute significant pulses of N to N-limited open-ocean regions distant from and masses (Owens et al. 1992) . Temporal heterogeneity of new N loadings, assimilation, regeneration, and retention within a water body play additional, potentially cruciiil roles in dictating the magnitude, biotic composition, and fate of primary production in receiving waters.
The atmosphere is also a key source of trace metals, specifically iron (Fe;) (GESAMP 1989; Duce and Tindale 199 1; Church et al. 1984 Church et al. , 1991 Zhuang et al. 1995) . Iron additions to diverse pelagic and coastal waters are capable of stimulating primary production (Martin and Fitzwater I988; Martin et al. 199 I, lo94; Bruland et al. 199 I ; Paerl et al. 1994) . Aeolian Fe inputs have been implicated in the control of oceanic primary .2roduction (Martin et al. 1991 (Martin et al. , 1994 , and recent work has emphasized the potential importance of synergistic Fe-NO, stimulation of primary production in openocean (Takeda et al. 1995) and coastal (Paerl et al. in prep.) environments. Fe supply rates and their interaction with oth- er nutrient inputs (most notably N) can influence marine phytoplankton community structure (Di Tullio et al. 1993) and may be involved in the regulation of growth and encystment of dinoflagellate HABs (Doucette and Harrison 199 1). Synergistic N+Fe enhancement of primary production may be particularly important in regions where these nutrients co-occur in terrigenous effluents and atmospheric emissions (Zhang 1994; Takeda et al. 1995; Paerl et al. unpubl.) .
Nutrient addition bioassay experiments were conducted under natural irradiance and temperatures on nearshore and offshore (Gulf Stream) oligotrophic Atlantic Ocean waters off the North Carolina coast during September 1995 to evaluate the potential for synergistic N and Fe stimulation of primary production. When added alone, N (as either NO,-or NH, ") additions mimicking N inputs from N-enriched rainfall stimulated primary production (Fig. 3) . At approximately cquimolar concentrations, NH, I enrichments frequently led to a greater degree of stimulation than NO,- (Fig. 3) . NO,-stimulation was enhanced in the presence of chelated iron (as Fe-EDTA). This synergistic interaction of NO,-and Fe may reflect the fact that the enzymes responsible for NO,-reduction to NH,, nitrate and nitrite reductases, require Fe as a subunit (Falkowski 1983) . Interestingly, in coastal waters Fe additions (either chelated or nonchelated) alone frequently fail to significantly stimulate primary production, indicating chronic N limitation must be relieved by new N inputs before Fe limitation can become an issue.
The results of the experiment depicted in Fig. 3 are preliminary and require confirmation at other locations and times, They do, however, demonstrate the potential importance of atmospheric inputs of major and minor nutrients in stimulating primary production.
Addition of natural rainwater (collected at Morehead City) consistently stimulated primary production in these waters (Paerl et al. 1990; Willey and Cahoon 1991; Willey and Paerl 1993; Paerl and Fogel 1994) . Per equivalent amount of dissolved inorganic N (DIN) added, rain, and NH,+ exhibit similar abilities to stimulate primary production, although rain usually has a more stimulatory effect than NO,- (Fig. 3) . DIN in the rain contained 73% NO,-and 27% NH, k. Thus, even though the rain DIN was largely comprised of NO,-, it is capable of providing a greater degree of stimulation than the NO, -spike. This relatively potent biostimulatory quality of rain has been attributed to a costimulatory "contaminant" of rainwater-possibly Fe (Paerl and Fogel 1994; Paerl et al. in prep.) . Although not measured in these experiments, continentally derived rainfall in mid-Atlantic and Chinese coastal Pacific and Yellow Sea regions has been shown to be enriched with Fe and other trace metals (Church et al. 1984 (Church et al. , 1991 Duce et al. 1991; Zhang 1994; Zhuang et al. 1995) .
Other sources of biologically available N present in AD but not accounted for in DIN analyses may have stimulated primary production additionally. Among these, DON can be a significant fraction, up to 40% of total dissolved N (Timperley et al. 1985; Cifuentes et al. unpubl .; Peierls and Paerl in press). Regional oceanic AD estimates indicate that DON accounts for a substantial fraction (10 to >30%) of new N inputs over coastal and pelagic waters (Cornell et al. 1995; Peierls and Paerl in press) . Although the composition of atmospherically derived DON was not investigated, it is known that various DON compounds can be utilized by phytoplankton at trace concentrations (Antia et al. 1991; Paerl 1991) . Recently, Peierls and Paerl (in press) have shown that DON fractions from rainwater are at least in part biologically available and capable of enhancing primary production. Additional work is needed to identify and delineate the roles and trophic impacts of synergistic N and Fe, DON, and other N and trace metal inputs.
Under certain circumstances Fe additions alone can stimulate primary productivity and phytoplankton bloom potential. The filamentous, nonheterocystous N,-fixing cyanobacterial genus TAchodesmium, although not considered harmful, is a major bloom-former and contributor to tropicalsubtropical oceanic N and C budgets (Carpenter and Romans 1991) and as sul;h warrants consideration in the context of global algal bloom dynamics. When abundant in buoyant, surface-dwelling coastal and offshore (Western North Atlantic, Gulf Stream,) blooms, Trichodesmium spp. reveal stimulation of CO, and N, fixation as well as growth when provided with low concentrations of either EDTA-chelated or nonchelated Fe by means of clean techniques (Fig. 4) (Paerl et al. 1994 ). This stimulation has been attributed to an obligate requ rement for Fe among photosynthetic (ferredoxin) and N,-fixing (nitrogenase) processes in this diazotroph (Ruetel at al. 1992) . Because Trichodesmium blooms can occur in waters downwind of continentally derived atmospheric: Fe emissions (e.g. Western North Atlantic, Gulf Stream, South China Sea, Yellow Sea, and Western North Pacific), the spatial extent and magnitudes of such emissions may play a regulatory role in bloom dynamics (Rueter et al. 1992 ; Zhang 1994). Fig. 3 . Results of a ship-board (RV Cape Hatteras) bioassay showing the impacts of natural rainfall, inorganic N, P, and Fe additions on primary production (as '"CO, fixation) in western North Atlantic nearshore (above) and offshore (Gulf Stream) (below) phytoplankton assemblages. Phytoplankton communities were dominated by small flagellates, dinoflagellates, and diatoms at all locations. The ncarshore location was 25 km southcast of Beaufort, North Carolina; the Gulf Stream water was 85 km southeast of Beaufort. The bioassays were conducted in September 1995. Controls (no additions) were conducted in sextuplicate, all treatments wcrc triplicates. Error bars indicate standard deviations (SD). Rainfall collected at the UNC-CH Institute of Marine Sciences, Morehead City, with nonmetallic clean techniques was added to give 3% vol/vol rainwater, yielding a final dissolved inorganic N (comprised of 73% NO, and 27% NH,+) concentration of 4.9 PM. NO,-(as NaNO,) and NH,+ (as NH&l) were added at 5 PM (final concn) each, PO,? (as KH,PO,) was added at 2 PM, and Fe (FeCl, chelated with equimolar EDTA) was added at 0.1 PM. The bioassay was incubated on-deck in transparent polyethylene Cubitainers (see Paerl et al. 1990 ) under natural irradiance and temperature conditions for 2 d. Initial NO,-concentrations were 0.08 and 0.05 PM at nearshore and offshore locations. Initial NH,' concentrations were 0.1 and 0.07 PM, and initial PO,"-concentrations were 0.2 and 0.15 PM at these locations respectively. Based on a one-way ANOVA, the following additions significantly (P < 0.01) stimulated (rclativc to controls) primary production: rain, NO,-, NH,', Fc + NO,-. PO,"-did not significantly stimulate primary production at either location. Fe significantly stimulated nearshore but not offshore productivity. Fe + NO,-significantly enhanced primary production above NO,-added alone in nearshore water, In N-sufficient or enriched waters, Fe may also play a key modulating role in stimulating and mediating bloom potentials of nondiazotrophic harmful bloom taxa. Episodic Fe loadings, as typified by heavy rainfall and runoff, may bring certain toxic dinoflagellate red tide species to bloom abundance in terms of biomass (Martin 1975 ; Doucette and Harrison 199 1).
Human activities may be enhancing aeolian loading and coastal-oceanic deposition of Fe. For example, desertification in North Africa has increased soil erosion and the generation of Fe-rich Saharan dust-a suspected source of elevated atmospheric Fe levels transported over the oligotrophic equatorial Atlantic Ocean (Duce and Tindale 199 1; Jickells 1995). Urbanized and industrialized regions (North America, Europe, China, Japan) generally exhibit Fe-cnriched rainfall (Church et al. 1984 (Church et al. , 1991 Duce et al. 1991; Duce and Tindale 199 1; Zhuang et al. 1995) . Emissions from these regions have long-range impacts on Fe loading in coastal and offshore waters (Duce and Tindale 199 1; Jickells 1995) and may be of considerable importance in the regulation of growth and bloom potential among near shore and pelagic HAB and non-HAB taxa.
Atmospheric deposition is relatively depleted in P and Si (Duce et al, 1991) , potentially limiting phytoplankton nutrients in some marine and freshwater environments. In contrast to N and N+Fe, P and Si additions generally do not stimulate primary production in N-deficient North American and Western European coastal waters impacted by atmospheric deposition (D'Elia et al. 1986; Grankli et al. 1990; Rudek et al. 1991; Nixon 1995) . Synergistic N+P stimulation has, however, been reported in some estuarine and coastal environments heavily impacted by excessive N loading from terrestrial and atmospheric sources (Rudek et al. 199 1; Paerl et al. 1995) . In addition, phytoplankton community composition may be altered by changes in N, P, and Si ratios (Smayda 1990; Schollhorn and Granbli 1993) and therefore warrant close scrutiny in response to relatively high amounts of N enrichment from AD-N, GW-N, and other sources of new N.
Ecological considerations
Among bloom and nonbloom-forming phytoplankton taxa, differential growth and proliferation responses to N and trace metals can be expected, depending on variable timing (i.e. acute rainfall vs. chronic dry deposition), spatial distributions, and amounts of nutrient input (Reynolds 1984; Paerl 1988) . Phytoplankton exhibit profound differences in kinetic (i.e. uptake and assimilation), physiological (growth and metabolism), and other behavioral mechanisms ensuring uninterrupted access to growth-limiting nutrients. Included are cellular nutrient storage (polyphosphate bodies, cyanophycin granules), buoyancy regulation (i.e. periodic access to deeper, nutrient-rich, and shallower, radiant energy-rich, water), N, fixation either as planktonic populations (7'richodesmium) or as symbiotic associations with other microorganisms (Rhizosolenia-Richelia), higher plants, and animals providing intimate, effective, and continual nutrient access.
These biotic adaptations should be considered along with of the marine, bloom-forming diazotroph Trichodesmium sp. Both metals, which can be found in continentally derived rain, have previously been implicated as potentially limiting marine N, fixation. A 5-d bioassay conducted on a freshly collected (North Carolina coastal ocean waters) Trichodesmium bloom (97% of the total phytoplankton biomass was Trichodesmium) is shown (data from Paerl et al. 1994) . Error bars represent standard deviations of triplicate additions. Final ,uM concentrations of various forms of Fe and other nutrients are shown. Seawater used for bioassays initially contained 0.15 PM dissolved inorganic N (NO, + NO,-+ NH,,') and 0.2 physical constraints (i.e. circulation, turbulence, water transparency, temperature, etc.) in the regulation of blooms in natural waters (Fig. 1) . Depending on timing (hours, days, seasonality), amounts, residence time, circulation, and internal N transformations, a broad spectrum of phytoplankton community growth and bloom responses can be expected. Spatial and temporal heterogeneity (i.e. patchiness) in nutrient supply and flux are strong determinants of phytoplankton community composition, interspecific competition, and the resultant trophc states of the water bodies in question.
Close coupling between N supply rates and amounts (i.e. loading characteristics) and estuarine and coastal primary production is -Nell recognized (Dugdale 1967; Ryther and Dunstan 1971; Nixon 1986 Nixon , 1988 Nixon , 1995 . Nixon (1986) extensively evaluated this interaction and demonstrated a positive correlation between these parameters over a wide range of geographically distinct, trophically diverse estuaries. Clearly, a strong quantitative relationship exists, but can we likewise make qualitative conclusions pertinent to HABs?
Regional co..ocurrences of HABs and biogeochemically important (budgetary-and fate-wise) AD and GW inputs of new N are most evident in waters bordering heavily urbanized, industrialized, and intensively farmed regions, including Western Europe, North America, Japan, and China (Duce 1986; Prado-Fiedler 1990; Loye-Pilot et al. 1990; Paerl 1993a, b; Zhang 1994) . Reports of blooms have tended to be concentrated in coastal and continentally bound seas in the Northern Hemisphere, which supports far more land mass and anthropogenic N loading than the Southern Hemisphere. Although this :,uggests geographic linkage between accelerating N input:; and symptoms of eutrophication; it should also be noted th2t there are far more investigators (and hence observations) per kilometer of coastline in the Northern Hemisphere.
Despite the paucity in observations, we may be witnessing a more recent (since the early 1970s) increase in harmful bloom events in southern hemisphere regions (Hallegraeff 1993) , especially those adjacent to human population centers, agricultural, and industrial expansion. Examples include outbreaks of the toxic dinoflagellates Alexandrium tamarense and A'lexarzdrium catenella in South African, Australian, Indian, and Thai coastal waters (Hallegraeff 1993). Unlike certain Nor-t hern Hemisphere systems showing obvious symptoms of eutrophication (e.g. Baltic, North Sea, northern /..LM PO,'-. Note that in the upper panel all Fe additions were in EDTA-chelated fom (EDTA and Fe added in cquimolar amounts); FeCI, and EDTA were added individually and combined in the lower panel. ANOVA showed that both unchelated and chelated forms of FeCl, significantly (P < 0.01) stimulated nitrogenase activity and growth. EDTA by itself significantly stimulated growth. This was not due to Fe contamination of EDTA, which proved free of residual Fe (K. Bruland pers. comm., source of EDTA and its chemical analysis). The positive of EDTA was also not due to in situ copper (Cu) inhibition, becaause fairly large additions of Cu (0.01 PM) with and without EDTA did not negatively affect growth of Trichodesmium. It is therefor: concluded that increasing Fe availability (either via enrichment or by supplying EDTA) stimulated N, fixation and growth of this cyanobacterial bloom-former.
Adriatic, and western Mediterranean Seas), these waters may be experiencing more cryptic, incipient stages of this process, with periodic blooms occurring when physical-chemical conditions (i.e. entrainment, stagnation, leading to localized nutrient enrichment and biomass accumulations) permit algal populations to approach and exceed the bloom threshhold. Some of the more striking examples include an 8-fold rise in the number of red tides (Gymnodinium nagasakiense, Gonyaulax polygramma, Noctiluca scintillans, Prorocentrum minimum) in Hong Kong Harbor, which closely par-. allels a 6-fold human population increase during 1976 -1986 (Lam and Ho 1989 , and a 7-fold increase in red tide (Chattonella antiqua, G. nagasakiense) outbreaks, following a 2-fold increase in biological oxygen demand associated with increased nutrient loading in Japan's Seto inland sea during 1965 -1976 (Okaichi 1989 . It should be stressed that at least in the latter two cases, anthropogenic nutrient (specifically N) enrichment is derived from complex sources (in addition to AD and GW), including agricultural runoff, industrial, and wastewater inputs. Nevertheless, the relative contributions of AD inputs to this bloom enhancement probably correspond to the percentages listed in Table 1 .
Year
There are unexplainable, anomalous exceptions to this trend however. Most notable are the remote regions of the South Pacific where blooms of toxic dinoflagellates have recently been reported (McLean 1984; Hallegraeff 1993) . To what extent reports of novel phytoplankton blooms reflect improved detection and identification and a recent environmental focus on coastal waters remains a point of contention (Anderson 1989) . European and North American regions, however, have been under intense scrutiny from experienced taxonomists, biological oceanographers, and water-quality managers for many'dccades; in some regions (Baltic, Mcditerranean, North Sea) since the turn of the century, In these locales, observer bias or otherwise unreliable observations seem unlikely. Phytoplankton community compositional changes, characterized by a tendency toward bloom taxa, have accompanied enhanced N and P loading in the Baltic and North Seas. In brackish segments of the Baltic Sea, excessive P loading accompanying urban, industrial, and agricultural expansion (starting early in the 20th century) has increased the bloom potential of toxic N,-fixing filamentous, hcterocystous cyanobacteria, including Aphanizomenon flos-aquae and Nodularia spumigena (Horstmans 1975; Niemi 1979) . This condition has led to dramatic and persistent summer surface blooms accompanied by hypoxia-anoxia in vertically stratified basins underlying blooms. Since the late 196Os, P inputs have been reduced significantly in the Baltic, following a phosphate detergent ban and improved wastewater treatment. However, periods of bottom-water hypoxia and anoxia have persisted, in part due to maintenance of high levels of primary production in near-surface waters. Continued periodic bottom-water anoxia has led to episodic release of sediment P into the water column, supporting additional Aphanizomenon and Nodularia blooms.
by land-based runoff (which includes AD to the watershed) (-35%), direct AD (30-40%), and GW (uncertain) have increased in during the past 3 decades (Ambio 1990) . This has led to changes in molar ratios among key limiting nutrients, most notably N : P, Si : N, and Si : P, which have been documented for the Kattegat, Kiel Bight, and Gulf of Finland regions of the Baltic (von Bodungen 1986; Niemi and AkStrom 1987) and for the coastal Helgoland and Dutch North Sea waters (ICES CM 1985/L: 2; Fransz and Verhagen 1985) . Increased use of synthetic N fertilizers and land-based accumulation of N-rich animal manures and wastes have led to steady increases in the generation of AD and GW discharge of biologically reactive N compounds in these regions (Rodhe et al. 1980; Rodhe and Rood 1986; Buijsman et al. 1987) . Land-applied swine, cattle, and poultry-based manures can lose as much as 70-80% of their NH,-N content alone by volatilization (Sommer et al. 1993) . Volatilization products form a significant fraction of the AD-N compounds deposited on downwind N-limited waters (i.e. North Sea, Baltic Sea; Asman et al. 1994) . Examination of a nearly 20-yr National Acid Deposition Program (NADP) record of dissolved inorganic N in eastern North Carolina rainfall indicates rising concentrations and amounts of NH, ' deposited relative to NO,. (Fig. 5) . This change in AD-N dynamics has paralleled a burgeoning poultry and livestock (swine) industry. Swine alone have increased from -1 X 1 Oh head in 1989 to > 10X lo6 in 1996. Lagoon-stored and land-applied waste from the growing animal industry is a major source of volatilized NH,, which is suspected of being responsible for increasing amounts of coastal atmospheric NH, + deposition. Despite recent controls on P inputs following recognition These large-scale changing (mostly increasing) sources of of the functional connection between these inputs and pro-AD-N, combined with previously documented growing fosliferation of diazotrophic cyanobacterial blooms (Elmgren sil fuel combustion (i.e. motor vehicle, power plant) , N inputs into the Baltic and North Seas, dominated emissions (Briblecombe and Stedman 1982) require quanti-fication and characterization in the context of recently documented changes in nutrient budgets and balances in receiving waters. During the past four decades, prespring bloom ratios of molar Si : P and Si : Ni in the Kiel Bight region of the Baltic clearly reflect altered inputs of these key phytoplankton nutrients (von Bodungen 1986; Graneli et al. 1990 ). In the case of Si : P ratios, the post-World War 2 period (preceding P input restrictions) revealed steadily decreasing Si : P values, ranging from >20 to <lo. Since P input constraints have been enacted, this ratio has remained reasonably stable, and more recently (since mid-1980s) it has increased. In the case of Si : N, the ratio has been steadily declining, from -2.5 in the late 1960s to < 1 at present. For Dutch coastal North Sea waters, Si : P and Si : N ratios have declined by factors of 6 and 3 respectively since 1955 in response to excessive riverine, groundwater, and atmospheric P and N loading (van Bennekom and Salomons 1981) .
These precipitous declines in Si : P and Si : N may play a role in recent alterations of phytoplankton community composition and harmful bloom events (Smayda 1990) . One striking example is the recent preponderance of nonsilicious vs. silicious flagellates (Jochem and Babenerd 1989; Schollhorn and Graneli 1993) in N-enriched regions of the western Baltic Sea. Here, armored (i.e. silicon cell walls) silicoflagellates and diatoms are being replaced by naked (i.e. without Si armor) silicoflagellates, indicative of increased Si limitation under ever-increasing N and P but constant or decreasing Si loads (Jochem and Babenerd 1989) . In addition, long-term monitoring of phytoplankton community composition in coastal Helgoland (German Bight) waters shows a lo-fold increase in flagellates (relative to other major bloom-forming groups) as Si : N loading ratios have decreased (Radach et al. 1990) .
A recent disastrous bloom of the prymnesiophyte Chrysochromulina polylepis in the Skagerrak-Kattegat area during spring 1988 (Aksnes et al. 1989; ICES CM 1989: 61; Ambio 1990) suggests ecological change in response to biogeochemical alterations. This organism, although previously documented in this region, was unusually abundant and toxic in 1988. The cause of this specific bloom has been attributed to various factors, including excessive nutrient inputs related to high rainfall and N-laden runoff in preceding months, leading to a diatom (Skeletonema costatum) bloom that may have conditioned the waters (vitamin B,, release) for a C. polylepis bloom (Graneli and Risinger 1995) . Its extraordinary toxicity may be due to increased N loading while P cutbacks were imposed on the system. Shilo (1982) has shown that increasing levels of P limitation (exacerbated by high N loading) can induce a high degree of toxicity in a close relative, Prymnesium parvum.
Recent phytoplankton community changes in geographically diverse regions of the North Sea experiencing decreasing Si : N and Si : P ratios may reflect decreasing availabilities of Si relative to N and P (Boalch 1987; Lancelot et al. 1987; Brockmann et al. 1988; Riegman et al. 1992) . Examples include the numerical displacement of diatoms with dinoflagellates, prymnesiophytes, pheophytes, and picoplanktonic cyanobacteria. From both trophodynamic and water-quality perspectives, these changes are generally considered undesirable.
In North American N-enriched coastal waters, the bloomforming diatom Pseudo-nitzschia pungens f. multiseries and other Pseudo-lzitzschia strains produce a potent amino acid toxin, domoic acid, which when incorporated by shellfish and ingested by humans is the causative agent for amnesic shellfish poisoning (ASP). Bates et al. (1991) have shown toxicity to be promoted by excess N supply, which supports bloom formation, but ultimately leads to P and possibly Si limitation; the latter two conditions are thought to be rcsponsible for enhanced toxicity.
Concluding remarks
The atmosphere and groundwater are large, yet often overlooked, sources and conduits of new N and other nutrient inputs potentia.lly impacting coastal primary production and bloom dynamics. These sources may contain individually or synergistically acting nutrients (N, Fe, Se, other trace metals?) capable of stimulating coastal primary production and bloom potentials and as such require examination and evaluation over appropriate temporal and spatial scales. In this regard, improved spectral resolution, high sensitivity remotesensing system,; (e.g. SEAWIFS; scheduled for deployment in fall 1996) will prove invaluable for examining regional nutrient-production interactions. Examples include large frontal passages (rainfall) above the coastal zone and beyond in relation to changes in chlorophyll and accessory pigment concentrations in impacted waters for appropriate time scales (hours to week:;). Advanced optical systems (e.g. AVIRIS) hold promise for spectrally distinguishing chlorophyll a from diagnostic accessory pigments (carotenoids and phycobilins for major algal harmful groups such as cyanobacteria, dinoflagellates, prymnesiophytes) at environmentally relevant concentrations (mg m -') regional (100s of km) spatial scales. With the aid of rapidly evolving, high-sensitivity, multispectral and multipacameter HPLC-based photopigment "ground truthing" verification techniques (Millie et al. 1993) , spatial and temporal characterization of these new nutrient-production interactions, as they pertain to HAB dynamics, are technically feasible.
On the assumption that all essential technologies and adequate funding will become a reality in the near future, several questions relevant to research and management may yield answers. What are the stoichiometric (i.e. ratios) and kinetic (nutrient supply rates vs. uptake and growth rates) relationships bet ween atmospheric and groundwater new nutrient inputs and HAB potentials? How do differential bioavailabilities of N constituents (e.g. DON) in these N sources affect HAB growth? What are the functional links between nutrient input rates, stoichiometric ratios (e.g. P limitation) and bloom toxicity? What spatial-temporal sequences of nutrient-loading events are necessary to initiate and sustain blooms? How do acute and chronic new and internal (i.e. regenerated) loading events translate into enhanced primary production, phytoplankton community alterations, and bloom formation? What are the relevant spatial (cm, m, km, 100s of km, etc.:, and temporal (min, h, d, yr, decades, etc.) scales of nutrient-production interactions the initiate and sustain blooms? What roles do synergistic interactions of physical, chemical (nutrient), and biotic (grazing, nutrient regeneration, consortia1 interactions, and symbioses) factors play in bloom formation and proliferation? How do we best apply microbiological, molecular, analytical (e.g. diagnostic photopigment), geochemical (e.g. stable N and C isotope tracers), and remote-sensing tools to address these research and management issues? 
